Abstract-Atrazine is one of the major surface water contaminants in the midwestern United States. Speculations have arisen on the potential effects of atrazine contamination to anuran larvae developing in these surface waters. In this study, Xenopus laevis tadpoles were exposed to environmentally relevant concentrations of atrazine. Nuclear and morphological endpoints were used to assess the effects of atrazine on developing X. laevis. Atrazine significantly affected metamorphing X. laevis after three-weeks exposure compared to controls as revealed by flow cytometric nuclear DNA analysis. The flow cytometric analysis was reflective of developmental effects. The number of nuclei per organism also was analyzed. Nuclei number was found to be associated with X. laevis development. Nuclei counting showed significant effects of atrazine after five-weeks exposure. A third endpoint, Nieuwkoop and Faber (NF) morphological staging, also demonstrated that atrazine significantly affected development after four weeks. Atrazine was found to alter the timing of metamorphosis of X. laevis using both nuclear analysis and gross morphology. The NF staging was found to be a sensitive assay to measure effects of development, whereas flow cytometry provided an impartial quantitative measure.
INTRODUCTION
Atrazine is one of the most widely used herbicides in the United States. Atrazine is known to be persistent in the environment and has been detected in runoff even during years in which atrazine was not applied [1] . The high soil mobility allows atrazine to move into groundwaters, streams, rivers, and lakes, contaminating these waterways. The coupling of persistence and soil mobility permits atrazine to remain in soils and move into waterways throughout the year. Atrazine has been reported at concentrations as high 860 parts per billion (ppb) below field plots [2] and 1,000 ppb in tail water pits [3] .
Amphibians are unique sentinels of environmental health due to their roles as both predator and prey and their dependency on both water and land. Many amphibian species especially are vulnerable to aquatic contamination due to ova being fertilized in the water where embryos develop into tadpoles and later metamorphose into adults. Because atrazine is a pre-emergent herbicide, it is applied to crop fields in the spring. In Illinois, peak contamination levels of atrazine occur from late April to mid-June [4] , which correlates with the time of year that tadpoles of many Illinois anuran species are developing in surface waters (http://www.inhs.uiuc.edu/cbd/ herpdist/splist.html). Metamorphosis, thus, is taking place in the aquatic environment amid the herbicide contamination.
Atrazine has been implicated as a clastogen, an agent that causes chromosomal damage. Farm workers exposed to atrazine were found to have an increase in chromosomal aberrations in lymphocyte cultures [5] . Atrazine was shown to cause whole cell clastogenicity and to induce chromosome breakages in Chinese hamster ovary (CHO) cells through flow cytometric analysis at low concentrations [6] [7] [8] [9] . Thus, nontarget organisms may be affected adversely after atrazine exposure. How-ever, in a recent study, atrazine was not found to be genotoxic to African clawed frog (Xenopus laevis) or American toad (Bufo americanus) tadpoles exposed to relatively high environmental concentrations by flow cytometric analysis [10] .
In contrast, atrazine has been reported to have significant effects on anurans at various other endpoints. Atrazine caused an increase in mortality in leopard frogs (Rana pipiens) exposed to atrazine for 27 d at concentrations as low as 310 ppb [11] . Bullfrog (Rana catesbeiana) tadpoles exposed to atrazine at very high concentrations for 24 h were found to have significant DNA damage [12] . Atrazine caused a dose-dependent increase in deformed larvae of three anurans species at high concentrations [13] . Diana et al. [14] reported that atrazine exposure potentially could reduce the fitness of wild populations of anurans at concentrations of 200 to 2,000 ppb. Atrazine exposure levels as low as 0.1 ppb have been reported to result in hermaphroditism in X. laevis and leopard frogs (R. pipiens) [15, 16] . Thus, exposure to atrazine has been found to negatively affect anuran species.
The timing of metamorphosis is essential for the survival of amphibian populations. Alterations in the time-to-metamorphosis can result in adverse effects in anurans. If time-tometamorphosis is delayed, tadpoles have a greater chance of predation in an aquatic environment when terrestrial emergence is postponed [17] . By delaying the time-to-metamorphosis and emergence there also is the risk of an increase in mortality due to tadpoles not emerging before temporary breeding sites may disappear due to these temporary sites drying up. Delayed emergence also has been associated with a reduction in fitness and a decrease in reproductive capability due to a decreased weight of metamorphing individuals [18] . Environmental contaminants that alter the time-to-metamorphosis could cause potential detrimental consequences to amphibian populations.
Because atrazine was not found to be genotoxic to X. laevis
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Environ. Toxicol. Chem. 24, 2005 1649 in a previous study using flow cytometric analysis [10] , the next step was to investigate the potential effects of atrazine at concentrations found in the environment on anuran development. Freeman and Rayburn [19] found that flow cytometric histograms of developing X. laevis were representative of stage when native (unfixed) nuclei were analyzed. Because flow cytometric histograms were illustrative of developmental stage, this assay was used in the present study as a measure of development and time-to-metamorphosis. In addition, metamorphosis was assessed by using the counting of the total number of nuclei, weighing, and staging. The purpose of this study was to determine if exposure of developing X. laevis to atrazine at relative environmental concentrations would alter the metamorphosis of these organisms.
MATERIALS AND METHODS
Xenopus laevis tadpoles were obtained from NASCO (Fort Atkinson, WI, USA) and Xenopus Express (Plant City, FL, USA). After receiving the tadpoles, they were housed in 38-L tanks under controlled conditions in the laboratory. Technical-grade atrazine (CAS 1912-24-9) was purchased from Chem Services (West Chester, PA, USA) and was 98% pure. Atrazine stock solutions were prepared by dissolving 20 mg of technical-grade atrazine per liter of water. The concentration of the atrazine stock solutions and experimental tanks were tested using an enzyme-linked immunosorbant assay concentration kit (Abraxis, Ivyland, PA, USA). Experimental tanks were kept at constant temperature by placing the tanks on a bed of rocks on a heat mat to effectively distribute heat to maintain water temperature at 22ЊC. Water quality was monitored routinely to test pH, nitrites, ammonia, and dissolved oxygen levels.
In the first experiment, X. laevis (Nieuwkoop and Faber [NF] [20] stage 47 at which no limb buds are yet visual, the tentacles are growing larger, and xanthopores are forming an opaque layer on the abdomen) were exposed to 0, 200, 400, 600, or 800 ppb atrazine. The experimental unit was the 3-L tank with one tadpole per tank analyzed. Each treatment had one tank per week. Water was changed once per week and water samples were collected for analysis. After one-, two-, and three-weeks exposure, organisms were prepped for flow-cytometric analysis. The tadpole flow-cytometric protocol was modified from Gold et al. [21] . Tadpoles were homogenized in 10 ml of a 1ϫ phosphate buffered solution ([PBS], Sigma, St. Louis, MO, USA) and then filtered through a 53-m mesh. Four 1-ml aliquots of nuclei suspension per sample were placed in microfuge tubes and centrifuged for 8 s. The supernatant was aspirated and nuclei suspensions combined for each sample into one resuspension of 800-l PBS. A second PBS wash was performed and nuclei then were resuspended in a propidium iodide (PI) stain solution (0.8 g sodium chloride [137 mM], 0.056 g piperazine-1,4-bis[2-ethanesulfonic] acid, 0.028 g ethylenediaminetetraacetic acid disodium salt [EDTA] [0.75 mM], 4 mg deoxyribonuclease-free ribonuclease, and 5 mg PI in 100 ml of distilled water brought to pH 7.50 with NaOH). After incubating 1 h on ice in the dark, the samples were filtered through a 53-m mesh. Nuclear DNA analysis was done on an EPICS XL flow cytometer (Coulter Electronics, Hileah, FL, USA) using an excitation wavelength of 488 nm. Ten thousand nuclei were analyzed per sample. The full peak coefficients of variation (CV) of the G1 peaks of the cell sample were measured and compared. The experiment was replicated three times. An analysis of variance (ANOVA) was run by week using SAS (Ver 8.2, SAS Institute, Cary, NC, USA). Treatment and replication were the independent variables and CV was the dependent variable. Means were compared using the least significance difference test at ␣ ϭ 0.05 when a significant ANOVA was observed. The second and third experiments then were performed starting X. laevis at different stages. In experiment 2, X. laevis again were at NF stage 47 at the beginning of atrazine exposure. Xenopus laevis were at NF stage 54 in the third experiment when treatments were begun. At NF stage 54, the hind limbs are visual and are without foot. The foot is nearly twice its breadth with all five toes indicated [20] . Tadpoles were exposed to 0 or 800 ppb atrazine. One tadpole per 3-L tank was analyzed for DNA content after three weeks. Experimental conditions and flow cytometric analysis was performed as described previously. Experiment 2 with tadpoles initially at NF stage 47 was replicated six times and experiment 3 with tadpoles initially at NF stage 54 was replicated seven times. An ANOVA followed by a least significance difference at ␣ ϭ 0.05 was done with treatment and replication as the independent variables and CV as the dependent variable.
Experiment 4 was conducted to calibrate the number of nuclei and weights by stage. No exposure to atrazine occurred in this experiment. Tadpoles were chosen randomly from 38-L tanks, staged, and weighed, and the number of nuclei were counted. For nuclear isolation, tadpoles were homogenized in 10 ml of PBS and then filtered through a 53-m mesh. Four 1-ml aliquots of nuclei suspension per sample were placed in microfuge tubes and centrifuged for 8 s. The supernatant was aspirated and all nuclei combined and suspended in 800 l of PBS. Centrifugation was repeated, supernatant aspirated, and sample resuspended in 800 l PBS. Samples were diluted 1: 2,000 in isoton solution for nuclei counting. Nuclei counts were performed on a Coulter Counter Z Series (Coulter Electronics). Two nuclei counts were taken and averaged for each sample. The average weights and nuclei counts were calculated by developmental cluster groups.
In the fifth experiment, X. laevis tadpoles at NF stages 40 to 42, at which no limbs are visual, the mouth has broken through, the gills are broader and flatter with blood circulation beginning, and opercular fold formation is beginning [20] , were exposed to 0 or 800 ppb atrazine. Experimental conditions were monitored and water samples collected at each week. The experimental unit was the 3-L tank with two tadpoles, each considered as subsamples, analyzed per tank. Tadpole development was quantified by staging, weighing, and nuclei counting after one-, two-, three-, four-, and five-weeks exposure. Nuclei were isolated as described previously and counted by week. This experiment was replicated four times. Statistical analysis was run on the nuclei counts, weights, and stages by week by conducting an ANOVA followed by a least significance difference at ␣ ϭ 0.05 when means were significantly different. Treatment and replication were the independent variables, and nuclei counts, weights, and stages were the dependent variables.
In the sixth experiment, X. laevis tadpoles at NF stages 52 to 53, at which the hind limbs can be visualized showing first indication of ankle constriction and flattening of foot and are somewhat longer than broad without foot [20] , then were exposed to a range of atrazine concentrations (0, 100, 450, and 800 ppb) in 8-L tanks. Five tadpoles were placed in each tank and considered as subsamples. Tanks were the experimental unit. Once metamorphs, organisms with tail only as a small J.L. Freeman and A.L. Rayburn [20] . b CV ϭ coefficients of variation; SD ϭ standard deviation. triangle (NF stage 66) [20] , were present in the experiment (4 weeks), tadpoles were staged, weighed, and prepped for nuclei counting as described previously. Data points were calculated as the average of the five tadpoles in each treatment tank per replication. This experiment was replicated two times. An AN-OVA followed by a least significance difference at ␣ ϭ 0.05 was performed when means were significantly different. Treatment and replication were the independent variables and nuclei counts, weights, and stages were the dependent variables.
RESULTS
Water quality analysis showed that all atrazine concentrations were found to be within the expected range of each treatment. The pH was between 7.4 and 7.8. Nitrite and ammonia levels remained around 0 parts per million (ppm). Dissolved oxygen concentrations were 8 to 10 ppm throughout the experiments.
In the first flow cytometric experiment, X. laevis tadpoles were exposed to a range of atrazine concentrations (0, 200, 400, 600, or 800 ppb). The mortality rate was 9.3% and occurred randomly among the treatments. After one week, there was no significant difference in the CVs among concentrations (p ϭ 0.7291; Table 1 ). After two weeks the lowest CV was in the control tanks but no significant difference was found at any of the test concentrations (p ϭ 0.8572; Table 1 ). At three weeks, the greatest numerical difference in CV occurred between the controls and the 800 ppb treatment. No significant difference (p ϭ 0.136; Table 1 ) was found among the concentrations after the three-week exposure from this initial experiment.
In the second flow cytometric experiment, X. laevis tadpoles at NF stage 47 were exposed to 0 or 800 ppb atrazine for three weeks. A total of six replicates were completed. A significant difference in CV resulted between the controls and the atrazine treatment (p ϭ 0.0181; Table 2 ). The mortality rate was 16.7% and was random among treatments.
Xenopus laevis tadpoles in the third flow cytometric experiment were exposed to 0 or 800 ppb atrazine for three weeks, but tadpoles initially were at a later developmental stage (NF stage 54). A total of seven replicates were completed. The average CV of the control tadpoles was significantly different from the 800 ppb atrazine treatment (p ϭ 0.0471; Table 2 ). No mortality occurred during this experiment.
In order to calibrate nuclei counts and weights with developmental stage, the fourth experiment with no atrazine exposure was conducted. Stages were first clustered into groups based on gross morphology (Table 3 ). During development, X. laevis were found to increase in weight and nuclei count until NF stages 57 and 58. At NF stage 59, when the tadpoles begin metamorphosis, a decrease in weight and nuclei count is seen until the metamorphic climax is reached. Weights and nuclei counts were found to follow the same trend (Table 3 ).
In the fifth experiment, tadpoles were exposed to 0 or 800 ppb atrazine and analyzed after one, two, three, four, and five weeks of exposure. After one, two, three, and four weeks, no differences were found between the control and 800 ppb tadpoles for nuclei counts (week 1: p ϭ 0.5030; week 2: p ϭ 0.2415; week 3: p ϭ 0.1249; week 4: p ϭ 0.2128; Fig. 1 ). Stages also were not significantly different after the first four weeks of exposure (Table 4) . After five weeks, the nuclei counts and stage both were significantly different from the controls (p ϭ 0.0085 and p ϭ 0.0066, respectively; Fig. 1 ; Table 4 ). Tadpoles in the 800-ppb tanks were at a younger stage compared to the controls at the end of this experiment. Weights were not significantly different at any week (week 1: p ϭ 0.7199; week 2: p ϭ 0.5811; week 3: p ϭ 0.1791; week 4: p ϭ 0.1074; week 5: p ϭ 0.5152). Mortality was noted during this experiment and was 5.6%. Mortality occurred randomly in the treatments.
The atrazine range experiment (experiment 6) at 0, 100, 450, and 800 ppb resulted in no significant differences for nuclei counts or weights (p ϭ 0.2964 and p ϭ 0.2107, respectively; Table 5 ). Stages were found to be significantly different (p ϭ 0.0297; Table 5 ). All three atrazine treatments were different and at earlier stages compared to the controls Fig. 1 . Average total nuclei counts of Xenopus laevis exposed to 0 parts per billion (ppb) or 800 ppb atrazine for five weeks. A significant difference in nuclei counts is seen only after five-weeks exposure (* p ϭ 0.0085, ␣ ϭ 0.05). [20] . Table 4 . Developmental analysis of Xenopus laevis exposed to 0 parts per billion (ppb) or 800 ppb atrazine over five weeks by staging. **denotes significance at p Ͻ 0. (␣ ϭ 0.05). The organisms in the control tank had an average stage of 63 ( Fig. 2A) . Xenopus laevis in the 100 and 450 ppb treatments were similar with an average stage of 56 and 57, respectively (Fig. 2B, C) . The tadpoles at the youngest stage were in the 800-ppb treatment with a mean stage of 52 (Fig.  2D) . Only one tadpole died during this experiment, resulting in 2.5% mortality. This tadpole was in the 100-ppb atrazine treatment.
DISCUSSION
In the initial atrazine range experiment at 0, 200, 400, 600, and 800 ppb for one, two, and three weeks, the greatest numerical difference among CVs was seen after three weeks. Freeman and Rayburn [19] found that numerical differences in CVs occurs in various stages of development. The CV of nuclear DNA peaks increases until metamorphosis begins and then decreases until the metamorphic climax is reached. When nuclei were fixed in ethanol, the stage effect no longer was seen. Using fixed nuclei, Freeman and Rayburn [10] found atrazine not to be genotoxic to X. laevis. Because the increase in CV in the present study was seen using native unfixed nuclei, this increase in CV must be reflecting developmental effects.
Although no significant differences were noted in the first experiment, the low p value after the three-week exposure may be reflective of a trend and additional three-week experiments were conducted at 800 ppb. In the second and third experiments, X. laevis atrazine exposure was started at two different developmental stages to see if the effects of atrazine may occur that were independent of initial stage of exposure. It should be noted that the initial stages in these two experiments both were before the onset of metamorphic events (i.e., premetamorphosis). In both of these experiments, atrazine was found to effect the tadpoles by resulting in a significant difference in CV reflective of altering the time to metamorphosis. The CVs of the tadpoles in the 800-ppb tanks were similar after atrazine treatment for three weeks in both the second and third experiments, indicating that tadpoles were at similar stages. However, due to complications of metamorphosis, the flow cytometric assay of the tadpoles could not determine stage definitively. Additional endpoints were examined to report on the effects of atrazine on X. laevis metamorphosis.
To assess the effects on metamorphosis, nuclei counts and weights first were analyzed by stage without atrazine exposure in the fourth experiment. The total number of nuclei and weight of the tadpoles both were found to follow the same trend. The total number of nuclei and weights increased during development and then decreased until the metamorphic climax was achieved. This trend also was similar to that of the CVs during development, as reported by Freeman and Rayburn [19] . The CVs, nuclei counts, and weights as measures of development all have the same complexity. Although changes in these parameters are associated with development, several stages have similar CVs, nuclei counts, and weights. Stage data were included in the next experiments to determine more precisely the effects of atrazine on X. laevis metamorphosis.
In the fifth experiment, X. laevis tadpoles were exposed to 0 or 800 ppb atrazine and data were collected after each week. Two tadpoles considered as subsamples were averaged for each experimental unit in this study. Although, after three weeks, an atrazine effect on the slowing of development could be seen visually, the nuclei counts and stages were not significantly different between the controls and the 800-ppb treatment until week 5. For the sixth experiment, the atrazine range experiment at 0, 100, 450, and 800 ppb, the subsampling number was increased to five. This allowed for a better estimate of the mean due to the variability of the developing organisms. In this experiment, even the lowest atrazine test concentration of 100 ppb resulted in a significant effect on development after four weeks of atrazine exposure.
The lowest concentration of atrazine at which a significant effect on development was seen in these studies was at 100 ppb. Atrazine in the environment has been reported at concentrations as high as 860 ppb below field plots that have been treated with atrazine [2] . In tail water pits in Kansas, USA, the mean atrazine concentration was between 50 and 100 ppb, with concentrations as high as 1,000 ppb [3] . The lowest concentration of atrazine where a developmental effect was seen in this study (100 ppb) is not an unlikely level to be present in surface waters in the midwestern United States [22] . Water samples collected by our laboratory in spring of 2003 found atrazine concentrations of waterways near crop fields that contained tadpoles that often exceeded 100 ppb (data not shown). Amphibian metamorphosis is a dramatic postembryonic developmental process. Metamorphosis is a hormone-dependent event mainly mediated by the thyroid hormone. If the hormone axis is impeded, metamorphosis will not occur [23] . On the contrary, when exogenous active thyroid hormone, 3,5,3Ј-triidothyronine (T 3 ), is added, time-to-metamorphosis of X. laevis tadpoles is found to decrease [24] . Because metamorphosis in anurans primarily is controlled by the thyroid hormone, atrazine potentially may be effecting the thyroid axis to cause this alteration in development. Atrazine has been implicated as a disruptor of the thyroid axis [25] . Atrazine exposure also has altered the levels of T 3 in rats [26] . Atrazine was found, in this study, to increase the time-to-metamorphosis in X. laevis tadpoles when atrazine exposure was begun at premetamorphosis. Atrazine is hypothesized to disrupt normal thyroid function.
Significant effects of atrazine on metamorphosis timing were seen in the five atrazine experiments at various durations of exposure in this study. It appears that the effects following atrazine treatment are not due to the duration of the exposure, but dependent on the specific timing of exposure. Tadpoles in the fifth and sixth experiments were stalled at stages of late premetamorphosis or early prometamorphosis before the spike of T 3 to initiate metamorphosis at NF stage 59 [27] . Additionally, the CVs of the tadpoles in the second and third experiments are correlated to the CVs of tadpoles at stages of prometamorphosis reported by Freeman and Rayburn [19] . Exposures to atrazine earlier than stage 56 resulted in the retardation of metamorphosis. The effects of atrazine seen in this study appear to be due to modifications in the thyroid axis either directly or indirectly resulting in a delay to metamorphosis by stalling the developing tadpoles. Similar to thalidomide [28] , atrazine appears to target a specific stage of development.
This study is in agreement with the findings of BrownSullivan and Spence [29] , where an increase in days-to-metamorphosis in tadpoles exposed to nominal concentrations of atrazine was reported. Although, the developmental effect reported in their study was not significant. The lack of significance possibly could be due to the high percent of mortality in their experiments. If high mortality rates are present, any effect of the treatments may be masked partially or even completely. The low mortality rates of the present study may attribute to why a significant effect on development was seen.
Atrazine exposure to X. laevis tadpoles at environmentally Impacts of atrazine on metamorphosis of Xenopus laevis Environ. Toxicol. Chem. 24, 2005 1653 relevant concentrations resulted in significant developmental effects using flow cytometry, total nuclei counts, and staging. Flow cytometry data were indicative of developmental stage. The NF staging and the counting of nuclei both verified that flow cytometric histograms were reflective of developmental stage. Flow cytometric analysis and the counting of nuclei were found to be valuable methods in assessing the potential for atrazine to impact development of X. laevis. Nuclear analyses, along with NF staging, provide proficient endpoints when evaluating the effect of atrazine on anuran development.
